During the induction of Crassulacean acid metabolism by environmental stresses i n the common ice plant (Mesembryanfhemum crysfallinum l.), enzyme activities involved in glycolysis and gluconeogenesis, including enolase (2-phospho-~-glycerate hydrolase), increase significantly. I n this study, we describe two nearly identical cDNA clones (Pghla and PghIb) encoding enolase from the common ice plant. This cytoplasmically localized enzyme is encoded by a gene family of at least two members. The polypeptides encoded by these cDNAs share a high degree of amino acid sequence identity (86.7-88.3%) with other higher plant enolases. Enolase activity increased more than 4-fold in leaves during salt stress. This increase was accompanied by a dramatic increase i n Pghl transcription rate and the accumulation of enolase transcripts in leaves. Pghl transcript levels also increased in leaves in response to low temperature, drought, and anaerobic stress conditions and upon treatment of unstressed plants with the plant growth regulators abscisic acid and 6-benzylaminopurine. I n roots, enolase transcripts increased in abundance in response to salt, low and high temperature, and anaerobic stresses. Surprisingly, we observed no increase in enolase protein levels, despite the increased levels of mRNA and enzyme activity during salt stress. The stress-induced increase in enolase activity is therefore due to posttranslational regulation of steadystate enzyme pools. Our results demonstrate that the stress-induced shift to Crassulacean acid metabolism in the ice plant involves complex regulatory control mechanisms that operate at the transcriptional, posttranscriptional, and posttranslational levels.
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The essential and ubiquitous glycolytic enzyme enolase (EC 4.2.1.11) catalyzes the conversion of 2-phosphoglycerate to PEP. In most higher plants, enolase, like other glycolytic enzymes, is present as multiple isoforms localized to the cytosol and to plastids (Gottlieb, 1982; Shih et al., 1986) . Multiple isoforms of the enzyme have been documented in developing oilseeds (Miernyk and Dennis, 1982 , with the ratio of plastid to cytosolic enolase varying considerably depending on the tissue source. For example, in the developing endosperm of castor beans, the plastid-localized form may contribute up to 30% of the plants, including tobacco, Arabidopsis (Van Der Straeten et al., 1991) , and castor bean (Ricinus communis) (Blakeley et al., 1994) .
In addition to its essential role in glycolysis and gluconeogenesis, enolase plays specialized roles during plant development, in nonphotosynthetic tissues, and under conditions of anaerobiosis. Enolase plays an important role in developing seeds of castor bean, in which activity levels of the cytosol-and plastid-localized isozymes peak coordinately with maximal rates of storage lipid accumulation (Miernyk and Dennis, 1992) . The increased activity of the plastid-localized isozyme reflects the high demand for pyruvate for de novo fatty acid synthesis in tissues, such as developing seeds that accumulate storage lipids (Miernyk and Dennis, 1987) . During fruit ripening, increased glycolytic enzyme activities reflect increased demand for carbon flux through glycolysis (Solomos and Laties, 1974; Stitt et al., 1986) . During artificially induced ripening, enolase mRNA levels increased 30-fold and enolase enzyme activity increased 3-fold (Van Der Straeten et al., 1991) . Exposure of plants to anaerobic stress causes a shift from an oxidative to a fermentative mode of carbohydrate metabolism, resulting in the increased expression of many enzymes of the glycolytic pathway . Whereas the first and the last enzymes in the glycolytic pathway are strongly induced, intermediate enzymes in the pathway such as enolase are induced at low levels (Kelley and Freeling, 1984; Bailey-Serres et al., 1988) . Enolase has also been shown to be rapidly induced by hypoxia stress in both anoxia-tolerant and -intolerant Eckinockloa (barnyard grass) spp. ( Fox et al., 1993; Zhang et al., 1994) . Plant Physiol. Vol. 108, 1995 In the facultative CAM plant Mesembyuntkemum cuystallinum, the induction of CAM, a long-term adaptive strategy to plant survival and reproduction in arid climates, is induced by water stress in the form of high salinity or drought (Liittge, 1993) . PEPC catalyzes nocturnal CO, fixation into C, acids, which provide a carbon source for refixation via the Calvin-Benson (C,) photosynthesis cycle during the day when stomata are closed to limit evaporative water loss. In plants performing CAM, carbon flux through glycolysis and gluconeogenesis is enhanced to meet the increased demand for PEP that is required for nighttime CO, fixation (Paul et al., 1993) . This enhancement involves the increase in activity of many glycolytic enzymes during the transition from C, to CAM (Holtum and Winter, 1982; Winter et al., 1982) . In particular, enolase activity increases more than 5-fold after 2 weeks of treatment with 400 mM NaCl (Holtum and Winter, 1982) . The majority of enolase activity is localized to the cytoplasm, with a small amount associated with the plastid fraction (Winter et al., 1982) .
To investigate the molecular basis of the increase of enolase activity during CAM induction, we have isolated and characterized two nearly identical cDNA clones encoding ice plant enolase. We describe the expression patterns of enolase in response to environmental stress and exposure to plant growth regulators. Enolase mRNA expression is induced by salinity stress, primarily at the leve1 of transcription, as measured by in vitro transcription run-on experiments. Despite significantly enhanced enolase enzyme activity, increased transcription rates, and steadystate transcript accumulation during stress treatment, we detected no mass increase in enolase protein levels by immunoblotting during salinity stress treatment. These results indicate that posttranscriptional regulation and posttranslational activation of this enzyme play crucial roles in the complex response of CAM induction.
MATERIALS A N D METHODS

Plant Material
Common ice plant (Mesembuyantkemum cuystallinum) seedlings were grown from seed in vermiculite irrigated with half-strength Hoagland solution in a growth chamber on a 12-h light (23"C)/12-h dark (18°C) cycle. Fluorescent lighting provided a photon flux density of 450 to 500 pE m-' s-'. Ten-day-old seedlings were transferred to 5-L black buckets containing Hoagland solution and grown hydroponically with constant aeration. Six-week-old plants were stressed by the addition of NaCl to a final concentration of 400 mM. Drought treatment was imposed by removing plants from the nutrient solution. Low-temperature stress was imposed by transferring the plants directly to 4°C. High-temperature stress was imposed by transferring plants to 40°C. Anaerobic stress was imposed by bubbling argon through the rooting media. Plant growth regulators, ABA and 6-BAP (Sigma), were dissolved in DMSO and diluted to a final concentration of 10 p~ in nutrient solution. Control plants for plant growth regulator experiments were treated with DMSO alone. Plant material was harvested at various times after the start of various stress treatments (as indicated in figure legends), frozen in liquid nitrogen, and stored at -80°C until use.
Construction and Screeningof cDNA Libraries
cDNA libraries were prepared from poly(A)+ RNA isolated from leaf and root tissues from plants that had been salt stressed for 30 h and from root tissue from plants that had been salt stressed for 6 or 30 h in A-Uni-ZAP XR (Stratagene) according to the manufacturer's instructions. Libraries were screened using a full-length cDNA clone for enolase from maize (kindly provided by Dr. P.M. Kelly, University of Nebraska) by three rounds of plaque hybridization (Benton and Davis, 1977) . Positive A-Uni-ZAP XR clones were excised and propagated as plasmids according to the manufacturer's instructions (Stratagene).
D N A Sequencing and Sequence Data Analysis
The isolation and restriction analysis of excised recombinant pBluescript SK-(Stratagene) plasmids were carried out using standard procedures (Sambrook et al., 1989) . One clone (designated Enol-19) containing an insert of approximately 1.7 kb was isolated and subjected to further analysis. Single-stranded plasmid DNA was made according to the method of Vieira and Messing (1987) . Deletion subclones for sequence analysis were generated using the technique of Dale et al. (1985) . Four synthetic primers were also used to complete the sequencing of the mRNA-like strand. To sequence the opposite strand, the full-length insert was excised using KpnI/XbaI and recloned into these same sites in Bluescript SK-. An oligomer having the sequence 5'-GAACAAAAGCTGGAGCTCCCCCC-3' was used to linearize the single-stranded DNA with SacI prior to exonuclease digestion with T4 DNA polymerase. Two other clones were sequenced using the same synthetic primers used to sequence the mRNA-like strand of Enol-19. AI1 sequencing reactions were performed using the dideoxy chain termination method, with a modified form of T7 DNA polymerase (Sequenase version 2.0) (Tabor and Richardson, 1987) .
DNA sequence data were analyzed using the MacVector/AssemblyLIGN sequence analysis program (Eastman Kodak). Data base searches were conducted using the National Center for Biotechnology Information BLAST E-mail server (Altschul et al., 1990) . Multiple sequence alignments were conducted using the Clustal multiple-alignment program (Higgins and Sharp, 1989) .
Enzyme Activity Assays
Frozen tissue (0.1 g) was homogenized in cold protein extraction buffer (100 mM Hepes, pH 8.0, 0.5% BSA, 0.5% PVP, 5 mM DTT) in a 1.5-mL microcentrifuge tube with a small pestle. Extracts were clarified by centrifugation (15,OOOg, 10 min, 4°C). Soluble protein samples were taken from the supernatants. Samples of soluble protein from unstressed and salt-stressed plants were assayed for enolase activity at 25°C by following the change in A340 of a pyridine nucleotide (P-NADH) in a 3-mL reaction mixture containing 81 mM triethanolamine, pH 7.4, 0.12 mM P-NADH, 25 mM MgCI,, 100 mM KCl,l.3 mM ADP, 7 units of pyruvatekinase, 10 units of lactate dehydrogenase, and 100 pL of protein extract. Reactions were initiated by addition of 1.9 mM 2-phosphoglycerate. Assays were conducted in the range in which there was a linear relationship between amount of enzyme added and activity detected. The concentration of soluble protein in each sample was determined in duplicate using the Bradford assay (Bradford, 1976) , with BSA as the standard.
RNA lsolation and Northern Blot Analysis
Total RNA was isolated as described by Ostrem et al. (1987) . For northern blots, 10 pg of total RNA per lane were denatured and resolved on 1.2% agarose gels containing 2.2 M formaldehyde (Sambrook et al., 1989) prior to capillary transfer onto nylon membranes (Magna, Micron Separations, Inc., Westboro, MA). Membranes were UV crosslinked (254 nm) (Stratalinker, Stratagene). Membranes were prehybridized in hybridization buffer (50% formamide, 5X SSC, 2% blocking reagent [Boehringer Mannheim], 20 mM sodium maleate, 0.1 % N-laurylsarcosine, 0.2% SDS) for 2 h at 42°C and hybridized overnight at 42°C with a 1.7-kb KpnIIXbaI insert of Enol-19 (full-length probe) that was digoxygenin labeled using the randompriming method (Feinberg and Vogelstein, 1983) . The 3'-specific probe was labeled during PCR amplification using a forward primer (5'-GCATAGATTTCTCAGT-3') corresponding to positions 1367 to 1383 (italicized in Fig. 1 ) and a reverse primer (T7 primer, 5'-AATACGACTCAC-TATAG-3'), which anneals downstream of the pBluescript SK-polylinker. The cycling parameters were: 1 min at 94"C, 1 min at 50"C, and 30 s at 72°C for 30 cycles. The PCR product was purified on a 1.5% agarose gel and isolated with NA45-DEAE membranes (Schleicher & Schuell). Northern blots were processed according to the manufacturer's specifications (Boehringer-Mannheim). Following hybridization, membranes were washed once for 15 min in 2X SSC, 0.1% SDS and twice for 15 min in 0.1X SSC, 0.1% SDS at 65°C. Membranes were blocked with 2% blocking reagent in maleate buffer (100 mM maleic acid, pH 7.5, 150 mM NaC1) and then exposed to antidigoxygenin conjugated to alkaline phosphatase. Membranes were then washed in maleate buffer and exposed to Lumiphos 530 (Boehringer Mannheim) for chemiluminescent reaction.
Membranes were exposed to x-ray film (RX, Fuji, Japan) at room temperature for 15 to 60 min.
Cenomic Southern Blot Analysis
Total genomic DNA was isolated according to the method of Steinmiiller and Apel (1986) . After restriction digestion and separation on 0.9% agarose gels, DNA was blotted onto nylon membranes (Magna, Micron Separations, Inc.), followed by 3 min of cross-linking with UV (254 nm) light (Stratalinker, Stratagene). Membranes were then prehybridized in 5 X SSC, 1% blocking reagent (Boehringer Mannheim), 0.1% N-laurylsarcosine, 0.2% SDS for 1 h at 65°C. The same digoxygenin-labeled full-length and 3'-specific probes described above were used on the Southern blots, except that the probes were diluted in Southern prehybridization solution before use. Membranes were hybridized overnight at 65°C. Membranes were washed for 15 min in 2X SSC, 0.1% SDS at room temperature and then twice for 15 min in 0.1X SSC, 0.1% SDS at 65°C. Detection of the digoxigenin-labeled probes using the chemiluminescent reaction was accomplished as described above.
In Vitro Transcription Assays
Plasmid DNA (5 pg) was slot blotted onto nitrocellulose using a Minifold I1 apparatus according to the protocol supplied by the manufacturer (Schleicher & Schuell). Isolation of nuclei was carried out according to method I1 as recently described by Cushman (1995) . In vitro transcription assays were conducted as previously described (Cushman et al., 1989) .
Western Blot Analysis
Total protein was extracted from leaf and root tissue as previously described (Ostrem et al., 1987) . Frozen tissue was homogenized in 100 mM Tris, pH 8.3,lOO mM NaC1,2 mM leupeptin, 0.5 pg/mL trans-epoxysuccinyl-L-leucylamido-(4-guanido)butane, 10 mM DTT. Ten percent glycerol was added to the soluble fraction before freezing. Total soluble proteins (100 pg/lane) were denatured in preheated SDS sample buffer (lOO°C for 3 min), resolved by SDS-PAGE (Laemmli, 1970) , and electroblotted to nitrocellulose as previously described (Ostrem et al., 1987) . Membranes were initially stained with Ponceau S to verify equivalent loading of protein (Sambrook et al., 1989) . Enolase was detected by incubating the membranes with rabbit anti-tomato enolase IgG (Van Der Straeten et al., 1991) for 1 h at room temperature, followed by the addition of horseradish peroxidase-linked goat anti-rabbit IgG conjugate (Boehringer Mannheim) for 1 h at room temperature. The protein-antibody complexes were visualized by staining with a solution containing 3,3'-diaminobenzidine and cobalt. Western blots were performed in triplicate, and the relative amount of detectable enolase in the total soluble protein extracts were quantitated directly using a PDI (Huntington Station, NY) digital scanning densitometer.
RESULTS lsolation and Nucleotide Sequence Determination of Ice Plant Enolase
cDNA libraries were screened using a heterologous cDNA probe from Z . mays (Lal et al., 1991) . DNA was isolated from positively hybridizing plaques from root (6 h of stress) and leaf libraries (30 h of stress) and screened by restriction analysis for insert lengths equivalent to the expected size of a full-length transcript (approximately 1.7 kb). One clone (designated Enol-19, Pghla) isolated from the 30-h stressed leaf library was completely sequenced and found to be full length. This cDNA was 1686 nucleotides long with a poly(A) tail of 58 adenine residues. A single open reading frame of 1332 bp began with an AUG detected in both the Xbal and EcoRI lanes using a probe specific to the 3' untranslated coding region. However, two bands were clearly evident in the Hmdlll lane.
From these results we conclude that there are two copies of the gene encoding cytosolic enolase present in the common ice plant genome. Our isolation of two distinct cDNA clones for enolase provides further evidence for this conclusion. In most organisms, gene duplication events gave rise to different isozymes of the glycolytic pathway (Gottlieb, 1982; Fothergill-Gilmore, 1986) . Therefore, we conclude that the presence of two enolase genes in the ice plant genome is likely the result of a gene duplication event. 
Amino Acid Sequence Alignments with Higher Plant and Algal Enolase
The open reading frame shown in Figure 1 encoded a 444-amino acid polypeptide with a predicted molecular weight of 48,284. The deduced protein sequence was aligned with other higher plant and green algal cytosolic enolase sequences as shown in Figure 3 . The ice plant enolase was identical in length with R. communis, Arabidopsis, and Lycopersicon esculentum enolases. The Z. mays enzyme was essentially colinear except for a single amino acid (K) addition at position 261 as indicated in Figure 3 . The aligned Chlamydomonas sequence was colinear for the most part with the higher plant sequences, except that it lacks a 5-amino acid residue stretch (EWGWC, residues initiation codon at position 31 and ended with a TAA termination codon at position 1363 as shown in Figure 1 . The nucleotide sequence that surrounded the initiation codon at position 31 matched the consensus sequence for plant translational start sites (AACAAUGGC) at seven of nine places (Liitcke et al., 1987) . Two polyadenylation signals that closely resembled the consensus polyadenylation signal AATAAA described for higher plants (Wahle and Keller, 1992) were located 76 and 107 nucleotides downstream of the TAA termination codon. Two additional clones, designated Enol-17 and Enol-22 (Pghlb), were approximately 240 bp shorter than Enol-19 and were found to be identical with Enol-19 except for a single base change (T-»C) at position 1063 (see Fig. 1 ), which results in a Ser->Pro substitution. These clones also contained a 36-nucleotide insertion at the 3' end of the untranslated trailer region as indicated in Figure 1 . 
Genomic Southern Blot Analysis
To assess the complexity of the enolase gene family in M. crystallinum, genomic Southern blots of DNA digested with three different restriction endonucleases were probed either with the EcoRI-XM fragment of the full-length cDNA clone insert or with a 3'-specific probe generated by PCR, using a primer just downstream of the coding region (designated in italics in Fig. 1 ). The full-length probe hybridized under conditions of high stringency to at least five fragments in genomic DNA digested with either Hmdlll or EcoRI (Fig. 2) . A single, prominent band was . Genomic Southern blot analysis of the enolase gene family in M. crystallinum. Total genomic DNA isolated from ice plant leaf tissue was digested with fcoRI, Hmdlll, and Xbal. The DNA samples (5 jig/lanes) were then separated on a 0.9% agarose gel, blotted onto nylon membranes, and hybridized with either a full-length digoxygenin-labeled cDNA probe (pEnol-19) or a 3'-specific PCR-generated probe consisting of a region spanning nucleotides 1367 to the end of the transcript as indicated in Figure 1 . Blots were washed under highstringency conditions (0.1 X SSC, 65°C) and then exposed to x-ray film.
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,. .,**,. , . , ,t*..* .**. ***ttt.t*tt. ...,..... * . * * e * , * * * * * * * *+t.,,. t t * * * t * t * * t , .. .**.**********. (Blakeley et al., 1994) , Arabidopsis thaliana (At) (Van Der Straeten et al., 1991) , L. esculentum (Le) (Van Der Straeten et al., 1991) , Z. mays (Zm) (Lal et al., 1991) , and C. reinhardtii (Cr) (F. Dumont, unpublished data) using the Clustal multiplealignment program (Higgins and Sharp, 1989) . Sequences are presented in the order of their relatedness to the ice plant sequence. Gaps to optimize alignments are designated by dashes (-). Asterisks (*) indicate consensus amino acid identity among all organisms. Dots (.) indicate positions of conservative amino acid replacement. Residues that are thought to participate in substrate binding (E'73, H382, R383, and K405) are indicated with a closed circle ( 0 ) (Lebioda and Stec, 1991) . Conserved amino acid residues (D25', E302, and D3") that are likely to serve as ligands for conformational Mg2+ binding are indicated with plus signs (+). Other amino acid residues (D330 and K354) located in the active site of the enzyme (Lebioda et al., 1989) are indicated with triangles (A). Underlined residues are unique to the M. crystallinum enzyme.
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104-108), 2 amino acids at positions 320 to 321, and single amino acids at positions 93, 442, and 444 (Fig. 3) .
In general, enolase, like other enzymes involved in glycolysis and gluconeogenesis, is evolutionarily well conserved. Pairwise comparisons of the predicted primary amino acid sequences from the ice plant and other known higher plant enolases showed 88.3% amino acid identity with castor bean (R. communis, Blakeley et al., 1994) , 88.0% identity with Arabidopsis (Van Der Straeten et al., 1991), 87.6% identity with maize (Lal et al., 1991) , and 86.7% identity with tomato (L. esculentum, Van Der Straeten et al., 1991) . Alignment of the amino acid sequence data from Chlamydomonas reinhardtii enolase (F. Dumont, unpublished data) indicated that it is more distantly related To the possible changes in enolase enzyme activity during the transition from cs to CAM photosynthesis~ we assayed enolase levels in soluble root and leaf extracts from salt-stressed M . crystallintlm plants. In roots, we found that enolase activity levels decreased by more than 30% after 1 www.plantphysiol.org on January 29, 2018 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved.
to 2 d of stress and then slowly recovered after 5 d of stress (Fig. 4) . Control plants showed a reduction (nonsignificant) in enolase levels. Overall activity levels were higher in roots than in leaves, consistent with immunoblotting results (see below). Enolase activity levels in leaves increased more than 80% after 4 d of stress (Fig. 4) . Activity in the leaves of unstressed control plants also increased; however, this increase is likely to be due in part to the developmental progression of CAM that occurs as plants grow older (Chu et al., 1990; Cushman et al., 1990) .
Enolase Steady-State Transcript Levels Induced by Environmental Stress
To determine the basis for the observed increase in enolase activity, we followed the expression pattern of enolase in the common ice plant by northern analyses of mRNAs isolated from leaves and roots of plants subjected to various environmental stress conditions. Plants grown in hydroponics until 6 weeks of age were treated with either salt, drought, low temperature, high temperature, or anaerobic stress. In all experiments, both a full-length probe (Fig. 5) and a 3'-specific probe (data not shown) hybridized to a single transcript of about 1.7 kb and displayed identical patterns of expression. The 3'-specific probe did not distinguish between the expression profiles of the two different enolase genes, Pghla and Pghlb.
Under 400 mM NaCl, Pghl mRNA levels accumulated to 10 times their original levels after 5 d of stress. Pghl mRNA expression initially decreased after 12 h of salt stress. After this transient decrease, mRNA levels increased rapidly by 24 h of stress and continued to increase throughout the stress period (Fig. 5) . Pghl mRNA levels in leaf tissue from unstressed control plants harvested during the same time course increased just 2 times (data not shown). Enolase mRNAs increased gradually in response to salt stress in roots as well.
Upon exposure of plants to low temperatures (4°C), enolase mRNA levels increased rapidly in leaves and then gradually decline during the 5-d period. In roots, lowtemperature stress also resulted in a substantial increase in enolase mRNA expression, although levels decreased on the 5th d of stress.
Drought stress caused a 3-fold increase in steady-state Pghl mRNA levels in leaves by 6 h, which did not decrease until after 24 h of stress. In roots, Pghl mRNA levels were already quite abundant and remained fairly constant during drought stress until they declined after 72 h. This decline in root Pghl mRNA levels was most likely the result of root tissue senescence, since levels of rRNA, as detected by ethidium bromide staining of agarose gels, declined in the latter time points (data not shown).
High-temperature (40°C) stress caused a gradual decline in Pghl mRNA levels in leaves. In roots, however, hightemperature stress caused a significant increase in Pghl transcript accumulation in roots by 24 h of stress. Anaerobic stress has been shown to induce several enzymes of the glycolytic pathway Bailey-Serres et al., 1988; Zhang et al., 1994) . Therefore, the effect of anaerobic treatment in the ice plant was tested and found to increase Figure 5 . Expression of enolase steady-state transcript levels during environmental stress and plant growth regulator treatments. Hydroponically grown plants were subjected to five different stress treatments: 400 mM NaCl (Salt), plants removed from nutrient solution (Drought), plants exposed to 40°C (Heat), plants exposed to 4°C (Cold), and nutrient solution bubbled with argon (Anaerobic) for the indicated times in h. In addition, unstressed plants were treated with 10 JAM ABA (ABA) and 10 JIM 6-BAP (Cytokinin). Total RNA was isolated from leaf tissue (A) and root (B) tissue of 6-week-old plants. Total RNA (10 /ig) was loaded in each lane and resolved on a 1.2% agarose gel containing formaldehyde. RNA was transferred to nylon membranes and probed with gel-purified, digoxygenin-labeled fulllength cDNA insert. The same patterns of expression were observed with both a full-length probe and a 3'-specific probe (data not shown).
enolase expression in leaves after 24 h of stress. In roots, the induction was observed after just 12 h, but levels declined at 24 h and increased again by 72 h.
Recent studies of gene expression in M. crystallinum have suggested that expression of certain CAM-related enzymes can be influenced by plant growth regulators (Chu et al., 1990; Thomas et al., 1992; Thomas and Bohnert, 1993; Vernon et al., 1993; Dai et al., 1994) . Therefore, the ability of ABA and Cytokinin to affect Pghl expression was tested in unstressed plants. Following exposure of plants to 10 JUM ABA in the rooting media, Pghl transcript levels were transiently induced 6-fold within 12 h of application. Roots exhibited a decline in Pghl expression after 24 and 72 h of ABA treatment. Plants showed no obvious signs of stress. hybridized to 5 jug of cloned (Pghl) (pEnol-19) DNA slot blotted onto nitrocellulose filters. p1B1 (Ppc1) was included as a positive control for stress induction, and clones encoding pC3-3 (rbcS), actin (Act), tubulin (Tub), pBluescript SK+ (pBS), and 18S (18S rRNA) (pSRI.2B3) from soybean (Eckenrode et al., 1985) were also included as controls.
Addition of 10 /U.M 6-BAP to the hydroponic solution resulted in a 5-fold increase in the Pghl transcript levels in leaves during a 120-h period. In contrast to ABA-treated plants, plants that received cytokinin treatment appeared wilted and resembled plants that had been salt stressed. The expression of Pghl in root tissue was not affected by 6-BAP.
Transcriptional Activation of Enolase by Salt Stress
To verify that increases in enolase transcript level were due to transcriptional activation of this gene, changes in transcription rates during stress were examined. Amounts of enolase transcripts synthesized by nuclei isolated from leaves of unstressed plants or plants salt stressed for 120 h were quantitated by RNA-DNA slot-blot hybridization. Filters were washed at high stringency (0.1X SSC, 0.1% SDS at 60°C) to distinguish only those transcripts specific for the duplicate enolase genes in ice plant. As shown in Figure 6 , salt stress caused a nearly 5-fold increase in transcription rates for enolase in comparison to rates in unstressed leaves. This transcriptional activation was similar to that previously observed for a CAM-specific isogene (Ppc\) of PEPC, which was also transcriptionally induced about 6-fold by salt-stress treatment (Cushman et al., 1989) . The transcription rates of actin and tubulin (visible upon prolonged exposure of blots, data not shown) remained unchanged during the salt-stress treatment and were used as internal references with which to normalize relative transcription rates. In contrast, we observed a reduction (1.7-fold) in the transcription rate when a gene-specific probe for a member of the rbcS gene family from the ice plant was used (Fig. 6 ).
Immunological Detection of Ice Plant Enolase during Salt Induction
The expression of the enolase genes was examined in both leaf and root tissue during salt-stress treatments. Western blot analyses are presented in Figure 7 . Using a rabbit anti-tomato enolase antibody, we detected a 50-kD protein in both leaves and roots of the ice plant. The polyclonal antibody used did not detect any different isoforms of enolase in leaves. In roots, a very faint band is apparent that migrates just above the major immunoreactive species. This faint band may represent an alternate (plastid localized) isoform that is expressed in the roots. Faint bands visible below the major immunoreactive protein in roots are likely to be preoteolytic breakdown products of the enzyme. Enolase is approximately 2-to 3-fold more abundant in M. crystallinum roots than in leaves on the basis of total soluble protein content, as measured by activity assays (Fig. 4 ) and immunoblot analysis (Fig. 7) . Quantitation of triplicate immunoblots by digital densitometry (average SE was ± 8.6) indicated that no significant increase in enolase protein levels occurred in leaves or roots during the entire stress period (data not shown).
DISCUSSION
Enolase is encoded by two nearly identical cDNA clones in the facultative CAM plant M. crystallinum. In most organisms, glycolytic enzymes have evolved by gene duplication to give rise to different isozymes (Fothergill-Gilmore, 1986) . Our isolation and characterization of two nearly identical cDNAs for enolase suggest that a very recent gene duplication event occurred to give rise to two forms of the enzyme. Genomic Southern blots probed with a 3'-specific probe are strongly supportive of the existence of two gene family members (Fig. 2) . The presence of a multigene family for enolase in higher plants appears to be widespread. Multiple isozymes for enolase have been described at the protein level (Miernyk and Dennis, 1982) and at the gene level for several different plant species (Van Der Straeten et al., 1991; Blakeley et al., 1994) .
Glycolytic enzymes are among the most highly conserved enzymes known and evolve at rates that are slower (Fothergill-Gilmore, 1986) . It has been speculated that CAM plants have evolved from C, ancestors multiple times during evolution (Moore, 1982; Monson, 1989) . The multiple evolution of CAM suggests that the genetic modifications required for enzymes to function during CAM are likely to be small (Moore, 1982) . Furthermore, in facultative CAM plants such as the common ice plant, certain glycolytic enzymes must function during both C, and CAM modes of photosynthesis. Consistent with these expectations, we find that the ice plant enolase shows only 19 unique amino acid changes (most located in the N-terminal third of the predicted polypeptide) compared to both C, and C, versions of enolase (underlined in Fig. 3 ). Highly conserved amino acid residues that are the ligands for "conformational" Mg2+ (Lebioda et al., 1989) that participate in substrate binding (Lebioda and Stec, 1991) , that function in enolase catalysis (Brewer et al., 1993) , or that participate in the catalytic region of the enzyme in yeast (Lebioda et al., 1989) have been documented (Fig. 3) . However, the site at which the two predicted M . crystallinum enolases differ (Ser347) does not correspond to any residues known to be crucial for enolase function in yeast.
To investigate mechanisms that control the increase in enolase activity during the switch from C, to CAM, we examined the expression of Pgkl mRNA under various conditions of environmental stress. CAM can be induced by salinity, drought (Winter and von Willert, 1972; Winter, 1974a) , and low-temperature stress, a11 of which presumably result in reduced water uptake by roots (Winter, 197413) . Indeed, steady-state Pgkl transcript accumulation occurs in both leaves and roots in response to high salinity and low temperature and in leaves in response to anaerobic stress (Fig. 5) . A transient decrease in Pgkl expression occurred in leaves during the initial period of salinity stress ( Fig. 5; 12 h ). This may have been the result of a salt shock, because the plants wilted and then subsequently regained turgor as adaptive mechanisms to restore water balance were implemented. Drought stress caused a very rapid increase in enolase transcript levels, which gradually declined as the plant tissues began to senesce after 3 d. This very rapid response to drought stress has also been reported for PEPC, which exhibits detectable increases in transcript levels in detached leaves in as few as 2 h (Schmitt, 1990) .
Enolase, along with severa1 other glycolytic enzymes, such as phosphoglycerate kinase and glyceraldehyde 3-phosphate dehydrogenase, has been reported to have heat-shock-responsive expression patterns in yeast (Iida and Yahara, 1985; Piper et al., 1988) . In tomato root and leaf tissues, however, heat shock resulted in a transient decline in enolase mRNA accumulation, followed by a return to normal levels (Van Der Straeten et al., 1991) . In the ice plant, enolase mRNA levels declined in leaves upon exposure to heat stress. In roots, however, we detected a significant increase in transcript levels. This pattern of response to heat shock may be involved in the maintenance of glycolytic carbon flux for CAM under the hot, dry conditions of the ice plant's native desert habitat.
In many plant systems, anaerobic stress induces fermentation and a corresponding increase in the expression of many enzymes of the glycolytic pathway. Those enzymes in the middle of the pathway, such as enolase, are induced at low levels (Kelley and Freeling, 1984; Bailey-Serres et al., 1988) . In the ice plant, CAM can be induced by anoxia (Winter, 197413) . Accordingly, we observed a clear induction of enolase mRNA levels in leaves and a fluctuating pattern of expression in roots, with increases in transcript abundance at 12 and 72 h after exposure to hypoxic conditions (Fig. 5B) . These results are similar to those reported for enolase expression in maize (Lal et al., 1991; Peschke and Sach, 19931, tomato, and Arabidopsis seedlings (Van Der Straeten et al., 1991) .
In addition to being responsive to environmental stress, Pgkl mRNA expression was transiently induced in leaves by treatment with the plant growth regulator, ABA. In the ice plant, salt stress results in increased levels of endogenous ABA . Exogenous ABA treatment reportedly induces CAM characters (Hanscom and Ting, 1978; Ting, 19851 , including increased Ppcl transcript accumulation Thomas et al., 1992) and increased PEPC and NADP-malic enzyme actvities (Chu et al., 1990; Dai et al., 1994) . Although Pgkl is clearly regulated by exogenous ABA, we do not know whether this response is solely dependent on increased endogenous levels of ABA. As in the case of Ppcl ) and other water-deficit (Guerrero et al., 1990; Yamaguchi-Shinozaki et al., 1992) or osmotically responsive genes (Bostock and Quatrano, 19921, we speculate that there are likely to be independent and possibly overlapping signal-transduction pathways from various environmental and developmental events that become integrated to control the ultimate expression levels of enolase.
We initially tested the effect of exogenous cytokinin, because it appears to mimic salt-induced responses in the ice plant such as Pro accumulation, enhanced Ppcl gene expression, and the accumulation of pathogenesis-related (osmotin-like) proteins Thomas and Bohnert, 1993) . Pgkl mRNAs accumulate in leaves in response to cytokinin (6-BAP) treatment. Although cytokinins have been implicated in a wide variety of plant responses, including transcriptional activation of nitrate reductase (Lu et al., 1990 (Lu et al., , 1992 and PEPC (Suzuki et al., 1994) and increases in PEPC and NADP-malic enzyme accumulation and activity in the ice plant (Dai et al., 1994) , their role in controlling gene expression in response to osmotic stress is still not fully understood. One possibility is that cytokinin response elements interact with cytokininactivated transcription factors (Thomas et al., 1995) to mediate transcriptional activation events.
To confirm that increased steady-state transcripts levels are due to enhanced transcription, we measured in vitro transcription rates for enolase using nuclei isolated from leaves of unstressed and salinity-stressed plants. We found that Pgkl transcription rates were 5-fold higher in saltstressed leaves when compared to leaves of unstressed plants (Fig. 6) Ppcl (Cushman et al., 1989) , Modl (Cushman, 1992) , and Mdhl (Cushman, 1993) . This observation suggests that transcriptional regulation is the primary mechanism that drives the induction of certain CAM pathway enzymes by salt stress in the common ice plant. However, there is increasing evidence that posttranscriptional events play critica1 roles in the fine-tuning of gene expression during CAM induction (Cushman et al., 1990; DeRocher and Bohnert, 1993) .
Salt-stress treatment results in increased transcription rate, mRNA, and enzyme accumulation of certain enzymes that are important to CAM such as PEPC (Cushman et al., 1989; Michalowski et al., 1989) . For enolase, we observed increased transcription rates and mRNA accumulation in response to salt stress; however, we failed to detect any significant changes at the leve1 of protein accumulation. In other plants, enolase mRNA levels are not often correlated with protein levels. For example, enolase mIWA levels in tomato and Arabidopsis roots were estimated to be 10-to 20-fold higher than in leaves, even though enolase protein levels appeared constant in a11 tissues (Van Der Straeten et al., 1991) . In addition, posttranscriptional regulation has been reported for other glycolytic enzymes under conditions of anaerobic stress, such as aldolase (Hake et al., 1985) , Suc synthase (McElfresh and Chourey, 1988; Talierio and Chourey, 19891 , and wound-inducible genes (Crosby and Vayda, 1991) . Modifications in the phosphorylation status of a 31-kD ribosomal protein (Bailey-Serres and Freeling, 1990 ) and the translational initiation factor eIF-4A (Webster et al., 1991) have been reported and are thought to be associated with translational repression events during anoxia stress. Similar translational repression mechanisms may also play a role in mediating the expression of enolase during CAM induction by salinity stress.
During the induction of CAM by salt stress, certain enzymes such as PEPC, pyruvate Pi dikinase, and NADPmalic enzyme show increases in enzyme activity (Holtum and Winter, 1982) that are accompanied by substantial mass increases in the enzymes themselves (Schmitt et al., 1988) . In contrast, despite a significant enhancement in enolase activity in leaves during stress treatment ( Fig. 4 ; Holtum and Winter, 1982) , no mass increase in the enzyme was detected immunologically. This suggests that posttranslational activation of this enzyme occurs, presumably to permit sufficient carbon flux through glycolysis to support nocturnal C, acid production and gluconeogenesis for daytime starch biosynthesis. The in vitro activity of most CAM enzymes measured in unstressed M . crystallinum is thought to be sufficient for the increased carbon flux through glycolysis and gluconeogenesis that occurs during CAM (Holtum and Winter, 1982) . However, this does not negate the possibility or necessity for higher enzyme activities in vivo for performing CAM.
Roots contained 2 to 3 times more enolase activity and enolase protein than leaves as detected by western blotting. This result is in agreement with the general observation that glycolytic enzyme activities are higher in nonphotosynthetic tissues of mature plants (Goodwin and Mercer, 1983) . In Arabidopsis, enolase activities appear higher in roots than in leaves, even though enolase protein levels appeared constant in a11 tissues (Van Der Straeten et al., 1991) . These results suggest that posttranslational mechanisms are operating in roots to maintain high enolase activity. Similar mechanisms also likely occur during climacteric fruit ripening, during which an enhancement in glycolysis does not appear to result from increased enzyme concentrations but rather a retention or activation of preexisting enzymatic activities involved in glycolysis (Solomos and Laties, 1974; Stitt et al., 1986) .
At present, the mechanism of enolase activation during CAM induction remains unknown; however, there is evidence to suggest that posttranslational modification involving reversible phosphorylation of the enzyme is involved. Reversible protein phosphorylation is one of the most common mechanisms for modulating enzyme activity. In M . crystallinum, phosphorylation of PEPC by a PEPC protein kinase is one of the key mechanisms of modulating diurnal enzyme activity (Baur et al., 1992) . In the case of enolase, phosphorylation has been invoked as a possible explanation for the disparity between protein levels and activities found in castor bean (Miernyk and Dennis, 1992) . Also, enolase has been shown to be a substrate for phosphorylation by epidermal growth factor-receptor kinase (Reiss et al., 1986) and protein kinase C (Nettelblad and Engstrom, 1987) in mammalian systems, by a Ser/Thr/Tyr kinase in yeast (Stern et al., 1991) and in Escherichiu coli (Dannelly et al., 1989) . Furthermore, alterations in activity based on changes in phosphorylation state provide compelling evidence for the posttranslational regulation of enolase (Eigenbrodt et al., 1983; Nettelblad and Engstrom, 1987) . Further investigations are needed to elucidate the phosphorylation status of enolase in M . crystallinum on a diurnal basis and during CAM induction. The involvement of posttranscriptional and posttranslational modes of regulation in controlling enolase activity in response to environmental stress serves to underscore the importance and complexity of regulatory processes that participate in mediating CAM gene expression.
